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Passage of 4070A murine leukemia virus (MuLV) in D17 cells resulted in a G-to-R change at position 100
within the VRA of the envelope protein (Env). Compared with 4070A MuLV, virus with the G100R Env
displayed enhanced binding on target cells, internalized the virus more rapidly, and increased the overall viral
titer in multiple cell types. This provides a direct correlation between binding strength and efficiency of viral
entry. Deletion of a His residue at the SU N terminus eliminated the transduction efficiency by the G100R virus,
suggesting that the G100R virus maintains the regulatory characteristics of 4070A viral entry. The improved
transduction efficiency of G100R Env would be an asset for gene delivery systems.

The successful entry of enveloped viruses requires specific
attachment and fusion with the host cell membrane. For ret-
roviruses, both steps are mediated by the envelope protein
(Env), which is composed of the surface (SU) and the trans-
membrane (TM) proteins. With pH-independent viruses, the
binding to the cellular receptor triggers the events leading to
the fusion between viral and cellular membranes.

Based on receptor interference patterns, murine leukemia
viruses (MuLVs) have been classified into subgroups (32, 35).
Amphotropic MuLV is able to infect a variety of cells via its
cellular receptor, Pit-2 (24), in a pH-independent manner (23).
Receptor binding determinants of MuLV have been mapped
to the N-terminal half of SU, where two variable regions, VRA
and VRB, closely interact (6, 25, 29, 30). The nature of the
receptor binding of 4070A MuLV is still obscure, since studies
to define the receptor determinants failed to identify a com-
mon region that is significant for both receptor binding (5) and
interfering with virus entry (14, 38).

The SU protein is attached on the virus surface through
covalent (31) and noncovalent (12) interactions between the C
terminus of SU and TM. Anchored on the viral membrane, the
TM protein contains a fusion peptide to insert into the target
membrane (16). Between the fusion peptide and the trans-
membrane motif lies the coiled-coil region (11, 44), which
brings the virus and cellular membranes into proximity. To
activate the fusion function of TM, elements in SU that regu-
late fusion have been found at the very N terminus of SU (3,
22, 34) and in the proline-rich region between the N- and the
C-terminal domains of SU (1, 19, 42, 43). Regulation of fusion
by the His at the SU N terminus depends on receptor binding
(4, 20), providing evidence that the receptor binding signal is
transmitted through the N terminus of SU.

Viral binding on D17 and NIH 3T3 cells. The passage of
4070A MuLV on canine D17 osteosarcoma cells has been
effective to identify gain-of-function mutations within wild-
type (WT) 4070A as well as chimeric MuLVs (26, 30). There-
fore, we speculated that D17 cells might be partially restricted
for 4070A MuLV entry and therefore sensitive to variations in
Env. To test if the D17 cells were limited in surface receptors,
we performed a quantitative binding assay, comparing the virus
binding capacities between D17 cells and NIH 3T3 cells (Fig.
1). 4070A virus was obtained from an NIH 3T3 producer cell
line (approximate titer, 107) and diluted 1:3 and 1:9 in medium
in the presence of Polybrene. Aliquots of each dilution of virus
were incubated with D17 cells or NIH 3T3 cells on ice for an
hour and washed, and the total amount of virus bound per cell
was analyzed by fluorescence-activated cell sorting (FACS), as
described elsewhere (22). Undiluted 4070A virus yielded sig-
nificantly more binding on NIH 3T3 cells (mean channel num-
ber, 16) than on D17 cells (mean channel number, 2.2). Serial
dilutions revealed that binding of the undiluted virus on D17
cells yielded the same level as binding of 1:9 diluted virus on
NIH 3T3 cells. The lower level of 4070A virus binding on D17
cells could reflect a limited number of available receptors and
differences in virus binding affinity. This correlates with the
report that the mRNA level of the pit-2 4070A receptor in D17
cells is lower than that in NIH 3T3 cells (24).

Analysis of 4070A/G100R for binding and titer. Replication
of 4070A in D17 cells led to the acquisition of a G-to-R change
at residue 100 (numbering from the initiator methionine [28])
in the VRA region of the receptor binding domain of SU (26)
(Fig. 2). This variant (G100R) was frequently observed during
passage of amphotropic chimeric viruses in D17 cells (more
than 80% of over 57 isolates sequenced) and in at least two
isolates passaged in human embryonic 293T cells (21; C.-W. Lu
and M. J. Roth, unpublished results). Passage of virus with
G100R/4070A Env in a human TE671 cell derivative, TelCeB6
cells (8), did not result in counterselection of G100R, indicat-
ing that the beneficial effect of G100R/4070A MuLV replica-
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tion in D17 cells is not deleterious for replication in another
cell type (data not shown).

In order to identify the function of the G100R, the mutation
was subcloned into the 4070A Env expression vector pHIT 456
(36). The DNA encoding the G100R was PCR amplified with
primer 9312 (5�GGTCTAGAGGCCGACACCCAGAGTG),
encoding a XbaI site (underlined), and primer 7500 (5�CGAC
CGCTACTCCTTCGTAA) and digested to replace the 0.6-kb
XbaI-XhoI fragment of pHIT 456. Virus was produced by tran-
siently transfecting 10 �g of env expression plasmid into 106

D17/gag-pol/�GIP cells. These cells provide the MuLV Gag
and Pol proteins in trans and package the green fluorescent
protein (GFP)-internal ribosome entry site-puromycin resis-
tance marker cassette (7). Viral binding assays were performed
(Fig. 3A), and virus-associated SU protein was analyzed by
Western blotting (Fig. 3B). Compared to WT 4070A, G100R/
4070A showed an increase in receptor binding. Western blot
analysis, in fact, indicated that this increase in binding occurred
even in the presence of lower levels of G100R/4070A Env
protein in this viral preparation (Fig. 3A and B). Despite being
selected only in D17 cells, the binding enhancement of G100R
was observed on both D17 and NIH 3T3 cells, suggesting that
the improved fitness of G100R is not limited to D17 cells.

The effect of G100R/4070A Env on the viral titer was de-
termined by transduction and expression of GFP. The virus
utilized in the binding assays was used in parallel to inoculate
106 D17, NIH 3T3, 293T, and TE671 cells (Fig. 3C). G100R/
4070A virus demonstrated a higher titer (between 6- and 13-
fold) than that of WT 4070A virus in all these cell types tested.
Similar fold values of stimulation were observed in indepen-
dent assays. This observed increase in titer by G100R on each
of the cell types tested suggested that G100R reflected a true
gain-of-function Env variant, rather than an adaptation to a
cell-specific feature, such as a receptor isotype. Viral interfer-
ence assays indicated that G100R entry into D17 cells and NIH
3T3 cells was fully dependent on the Pit-2 receptor (data not
shown).

Kinetics of viral entry. Studies were performed to address
whether the tighter binding by Env bearing G100R resulted in
quicker uptake of the virus into the cells, thus yielding the

FIG. 1. Comparison of the 4070A virus binding capacities of NIH
3T3 cells and D17 cells. 4070A virus was obtained from an NIH 3T3
producer cell line (approximate titer, 107), chilled on ice, filtered
through a 0.45-�m-pore-size membrane, and diluted 1:3 and 1:9 in
serum-containing medium in the presence of 8 �g of Polybrene/ml.
One-milliliter aliquots of each dilution of virus were incubated with 2
� 105 D17 cells or NIH 3T3 cells. After incubation on ice for an hour,
the cells were washed with phosphate-buffered saline at 4°C. Virus
binding was detected by monoclonal antibody 83A25 (10), which rec-
ognizes the SU C terminus (22). The x axis is the fluorescence intensity
as an indication of the amount of virus (Env) bound per cell, and the
y axis is the cell number. Phycoerythrin-conjugated antibody was ob-
tained from Biosource International (Camarillo, Calif.), and FACS
was performed at the Environmental and Occupational Health Science
Institute, Rutgers University.

FIG. 2. Sequence of G100R mutant compared with that of 4070A. The mature SU is shown as an open box with general features noted. Amino
acids were numbered from the first Met residue on the precursor protein (4070A, accession number M33469). The sequence of the VRA region
is shown with a potential heparin binding site boxed. Changing of G100 to R resulted in the sequence ARRQR, which matches the heparin
consensus sequence, XBBXB (see text). Other positions within VRA which influence receptor interactions of A-MuLV Env are noted, including
Y90/V91 (Y60/V61 [39]), marked by #, and A99/Q102 (A71/Q74 [13]), marked by *. PRR, proline-rich region.
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higher viral titer. To address these postbinding events, a kinetic
assay for viral entry was performed (20). Briefly, at time points
postbinding, virus that had not yet entered the cells was inac-
tivated by an acid wash (pH 3 saline [17]). The titer of the virus,
as scored by GFP expression, is indicative of the productive
entry of the virus prior to the acid pulse. One representative set
of results from four independent experiments is shown in
Fig. 4.

Plotted on a log scale (Fig. 4A), the onset of G100R virus
entry initiated after 15 min at 37°C, reached a titer of 103 after
an additional 15 min, and eventually reached an end point titer
of 104. WT 4070A virus initiated the infection at 20 min, and
103 particles functionally entered after an additional 30 min
and plateaued to the final titer of 103. The earlier initiation of
infection by G100R suggests that the enhanced binding trig-
gers virus internalization faster. This may be due to either
faster membrane fusion by an Env conformational change or
accelerated cellular uptake. The data were also plotted on a
linear scale to calculate the rate of postbinding entry by linear
regression with Sigma Plot analysis (Fig. 4B). The slope of
linear regression indicates the rate of virus entry. By this anal-
ysis, G100R has a slope of 200 � 15, which is nearly 10 times
the slope of WT 4070A, 17 � 5.7. The faster entry correlates
with the 10-fold increase of the final viral titer. Differences in
entry kinetics were also observed by alteration of Env density

on amphotropic MuLV (2). Collectively, our results suggest
that G100R has evolved to overcome the decreased functional
receptors available for virus binding of D17 cells, shown in Fig.
1. Efficient transduction by amphotropic MuLV vector can be
achieved by increasing the receptor expression in the target
cells (18). Based on our observations, we propose that incor-
poration of G100R into the amphotropic MuLV vectors may
improve the transduction efficiency and should be useful for
gene therapy approaches. This may overcome the limitations
of targeting cells expressing low amounts of Pit-2, such as
hematopoietic stem cells (27).

4070A Env/G100R is regulated by His36. If G100R follows
the same fusion activation pathway as the WT 4070A, it should
be blocked by mutations known to interfere with the WT
4070A entry process. His36 (H5 if numbered from mature
protein) was shown elsewhere to be critical for Env-mediated
membrane fusion (3, 20, 43). A deletion of His36 (�H36) was
incorporated into the WT 4070A Env (�H36) and the G100R
Env (�H36/G100R) within an Env expression vector. Their
abilities to mediate virus binding (Fig. 5A) as well as synthesis-
incorporation (Fig. 5B) and transduction (Fig. 5C) were exam-
ined. Similar to observations with G100R, �H36/G100R
showed an increased binding over �H36 alone (Fig. 5A and B),
without drastically affecting SU expression and incorporation.
Consistent with previous reports, �H36 was unable to mediate

FIG. 3. Comparison of G100R function with WT 4070A virus. (A) Assays of binding of the G100R Env virus on D17 and NIH 3T3 cells. env
expression plasmids were transfected into D17/gag-pol/�GIP cells to obtain viruses with desired Env. Binding assays were performed as described
in the Fig. 1 legend. The x axis is the fluorescence intensity, and the y axis is cell number. (B) Western blot analysis for virus-associated proteins.
Virus was pelleted through a 20% sucrose cushion, separated by sodium dodecyl sulfate–10% polyacrylamide gel electrophoresis, and detected on
a polyvinylidene difluoride membrane by anti-SU 79S-842 and anti-capsid CA 75S-287 (Microbiological Associates, Inc.), followed by horseradish
peroxidase-conjugated rabbit anti-goat immunoglobulin G and the Supersignal substrate (Pierce). (C) Transduction abilities of G100R on various
cell types. Results shown are one representative set of two independent experiments, as numbers of GFP� cells per milliliter.
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viral infection. �H36/G100R virus also yielded no detectable
titer (Fig. 5C). These observations confirmed that G100R ac-
tivates virus entry through the fusion activation pathway de-
fined for WT virus entry. These results indicated an ordered
fusion activation within the SU protein, whereby the receptor
binding and stimulation by G100R are followed by the action
of His36 at the SU N terminus.

Conclusions. In this report, we demonstrated that the recep-
tor binding strength determined the efficiency and rate of viral
entry and directly correlated with a functional gain in virus
entry. Studies of the receptor binding region of avian sarcoma
and leukosis viruses suggested that mutations that interfered
with receptor binding did not necessarily correlate with the loss
of infectivity (9, 33). Conversely, we showed that tighter initial
binding by G100R resulted in faster kinetics of entry and im-
proved infectivity.

Mutation of the Gly100 residue to a basic Arg introduces a
heparin binding site consensus sequence, XBBXB (X is any
amino acid and B is a basic amino acid, boxed in Fig. 2), in the
VRA region. G100R may augment the receptor binding by
enhancing the virus attachment on cells through heparin. Sim-
ilarly, with PVC211, a neuropathogenic variant of Friend

MuLV, an amino acid change at the VRA of Env constitutes a
heparin binding site. This mutation may confer the higher titer
of PVC211 on brain capillary endothelial cells (15).

Alternatively, G100R may directly facilitate binding to the
viral receptor. The region surrounding G100R has been shown
to mediate receptor binding. G100R is located 7 amino acids
beyond the E80-Y93 motif defined by Battini et al. for inter-
acting with receptor (E50-Y64 [5]) and 10 amino acids beyond
the Y90 and V91 defined by Tailor and Kabat (Y60/V61 [38])
for determining Pit-2 receptor usage over Pit-1. Simultaneous
mutations of A99G and Q102K in 4070A Env, bracketing
G100R, were shown to change receptor usage from Pit-2 to
Pit-1 in NIH 3T3 cells (13). In contrast, strengthened binding
by G100R does not lead to broadened receptor usage, as
G100R-containing virus is not able to infect 4070A/D17 cells.

The G100R Env mutation was selected as a gain-of-function
MuLV Env variant on D17 cells. It is intriguing why this Env
variant was not selected on NIH 3T3 cells. It may indeed
reflect a balance between the viral fitness and host cell physi-
ology. A high-efficiency virus may not be optimal for cells
expressing high numbers of virus receptors, since multiple en-
try events may create a metabolic burden for the host cell.
Multiple rounds of retroviral entry are blocked in many retro-
viruses through the process of viral interference (37). It has
been hypothesized elsewhere that the level of second-round

FIG. 4. Kinetics of postbinding entry. (A) Virus was collected by
transient expression of env in D17/gag-pol/�GIP cells as described in
the Fig. 3 legend, diluted 1:10, incubated with 2 � 105 D17 cells at 4°C
for more than 1 h, and then moved into a 37°C incubator. The infection
process was stopped at various time points after 37°C incubation, and
the virus remaining on the cell surface was inactivated by an acid wash
(pH 3 saline [17]). The cells were then refed with fresh medium, and
the viral titers were scored after an additional 48 h. Viral titers were
plotted on a log scale as a function of the time allowed for postbinding
entry. The titer at 110 min is noted at the end of each curve. Shown is
a data set representative of four independent experiments. (B) Linear
regression of the entry kinetics (same data as shown in panel A)
analyzed by Sigma Plot. The linear fit of equation between entry time
(t) and titer (f) is f � c � (a � t), where a represents the slope as a
reference of the entry rate, shown on the top left corner of the chart.

FIG. 5. Functional analysis of �H36 mutants. The �H36 mutation
was generated by PCR with mutagenic primers A�H5 (5�AGCCCCC
AGGTCTTTAATGTAACC) and A�H3 (5�TACATTAAAGACCTG
GGGGCTCTC) on the 4070A or G100R provirus DNA template and
subcloned into Env expression vector (pHIT 456). (A) Binding analy-
sis, performed as described in the Fig. 3 legend. (B) Virus-associated
proteins analyzed by Western blotting, also as described in the Fig. 3
legend. (C) Transduction ability was assayed on D17 cells, and results
shown were averaged from a triplicate experiment.
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superinfections yielding unintegrated viral DNA correlates
with the cytopathic effects of the avian retroviruses (40, 41).
Therefore, the selection for G100R might occur only in host
cells in which the entry of the virus is limited by factors such as
low numbers of functional receptors on the cell surface.
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